RNA structures can interact with the ribosome to alter translational reading frame maintenance and promote recoding that result in alternative protein products. Here, we show that the internal ribosome entry site (IRES) from the dicistrovirus Cricket paralysis virus drives translation of the 0-frame viral polyprotein and an overlapping +1 open reading frame, called ORFx, via a novel mechanism whereby a subset of ribosomes recruited to the IRES bypasses 37 nucleotides downstream to resume translation at the +1-frame 13th non-AUG codon. A mutant of CrPV containing a stop codon in the +1 frame ORFx sequence, yet synonymous in the 0-frame, is attenuated compared to wild-type virus in a Drosophila infection model, indicating the importance of +1 ORFx expression in promoting viral pathogenesis. This work demonstrates a novel programmed IRES-mediated recoding strategy to increase viral coding capacity and impact virus infection, highlighting the diversity of RNA-driven translation initiation mechanisms in eukaryotes.
INTRODUCTION
The ribosome mediates translation involving decoding the open reading frame codon by codon through delivery of the correct aminoacyl-tRNAs to the ribosomal A site. This fundamental process occurs with high fidelity for proper gene expression in all species. However, mechanisms exist that can alter the translational reading frame, thus producing alternative protein products from a single RNA (1) . In general, these mechanisms termed recoding, involve a specific RNA structure or element that interacts with the ribosome to cause the translating ribosome to shift reading frame by −2/−1/+1, by allowing it to read through stop codons, or bypass sequences and restart translation downstream (2) (3) (4) (5) . Study of these mechanisms has been enlightening; revealing key ribosome:RNA interactions that alter fundamental processes in the mechanics of ribosome decoding and reading frame maintenance. Importantly, recoding mechanisms are now appreciated as important regulatory processes that can impact the fate of protein expression in cells and viral infections (1, 6) . Unlike these recoding mechanisms that involve an actively translating ribosome, the intergenic internal ribosome entry site (IRES) within a subset of dicistroviruses has the unusual property to directly recruit the ribosome and initiate translation from overlapping 0 and +1-frame codons to produce two distinct proteins (7) . Here, we report a novel recoding mechanism and translational initiation pathway whereby a related dicistrovirus IRES directs the ribosome to initiate translation downstream.
Most eukaryotic mRNAs utilize a cap-dependent scanning mechanism involving >12 translation initiation factors to recruit the ribosome and initiate translation from an AUG start codon (8) . The IRES is an alternative initiation mechanism. An IRES, in general, is a structured RNA element that facilitates 5 end-independent translation using subsets of translation initiation factors. These properties allow IRES-containing RNAs to be translated during viral infection or under cellular stress when cap-dependent translation is compromised (3) (4) 6) .
Of the different classes of viral IRESs based on factor requirement and mechanism, the intergenic IRES of the dicistroviridae family stands out as the most streamlined using a unique mechanism where it directly binds 40S and 80S ribosomes without the need for canonical initiation factors or initiator Met-tRNA i and initiates translation from a non-AUG codon (9) (10) (11) (12) (13) . The dicistrovirus IRES is composed of three pseudoknots (PKI, II, and III) that separate into distinct domains; PKII and PKIII fold independently to create the ribosome-binding domain while PKI mediates positioning of the ribosome and establishes the translational reading frame (9, 11, 14) . Structural studies have indicated that PKII and PKIII form a compact core structure, and the PKI region adopts a conformation that mimics an anticodon:codon interaction that initially binds the conserved core of the ribosome in the A site (15) (16) (17) (18) . From here, in an elongation factor 2-dependent manner, the IGR IRES undergoes a pseudo-translocation event to the ribosomal P site, followed by aminoacyl-tRNA delivery to the A site and a second round of eEF2-dependent pseudo-translocation of the IGR IRES to the E site of the ribosome (18) (19) (20) . Movement of the PKI region from the ribosomal A to P sites involves rotation of the ribosome up to 10
• allowing PKI to move into the P site in an inchworm-like manner (21) . This allows for the non-AUG initiation codon of the IRES to be presented in the A site for the incoming amino-acyl tRNA. The first pseudo-translocation event and delivery of the first amino-acyl tRNA are the rate-limiting steps of initiation on the IGR IRES (22) . Altogether, the IGR IRES acts as a complete RNA machine that supersedes initiation factors and commandeers the ribosome, a strategy that is essential for viral protein synthesis in dicistrovirus-infected cells (23) .
In general, the dicistrovirus IGR IRESs are conserved at the structural, but not sequence level and are classified into two sub-groups (termed Type I and II) based on the presence of distinct structural elements; the main distinction comes from a larger L1.1 loop and an additional stemloop (SLIII) in Type II IRESs (24, 25) . SLIII allows for the PKI domain of Type II IRESs to mimic the global shape of a tRNA in addition to assisting in reading frame selection and the larger L1.1 region functions to mediate 60S recruitment (16, 19, 26) . The domains of Type I and II IGR IRESs function similarly to directly recruit 80S ribosomes and initiate translation (27) (28) (29) (30) .
Biochemical, phylogenetic, and bioinformatics analyses have demonstrated that a subset of Type II IGR IRESs can direct translation of a hidden +1 open reading frame (ORF), termed ORFx, within ORF2 of the viral genome (7, 31) . The functional role of ORFx during viral infection remains elusive. Extensive mutagenesis of the PKI domain of the Israeli acute paralysis virus (IAPV) IGR IRES has revealed that 0 and +1 frame translation can be uncoupled, suggesting that the IGR IRES may adopt specific conformations that govern the translational reading frame (19, 32) . Generally, Type I and II IGR IRESs are thought to operate similarly in mechanism. Specific domains between the two types are functionally interchangeable (27) . In the present study, we investigate the capacity of other IGR IRESs from dicistroviruses to facilitate +1-frame translation. We show that the IGR IRES from Cricket paralysis virus (CrPV) can synthesize an ORFx protein using an unexpected mechanism that involves IRES-mediated ribosome bypassing. Furthermore, we provide insight into the role of ORFx during CrPV infection and show that mutants deficient in ORFx have impaired virulence in adult flies, thus uncovering a novel viral recoding strategy that is essential for viral infection.
MATERIALS AND METHODS

Cell culture and virus
Drosophila Schneider line 2 (S2; Invitrogen) cells were maintained and passaged in Shield's and Sang medium (Sigma) supplemented with 10% fetal bovine serum.
Propagation of CrPV in Drosophila S2 cells has been previously described (33) . CrPV-2 and mutant viruses were generated from Drosophila S2 cells using an adapted protocol (34) . Briefly, 5.0 × 10 7 S2 cells were transfected with in vitro transcribed RNA derived from pCrPV-2 or mutant plasmids and incubated for 48 h. Cells were dislodged into the media, treated with 0.5% Igepal CA-630 (Nonidet P-40) and 0.1% 2-mercaptoethanol, and incubated on ice for 10 min. Cell debris was cleared by centrifugation at 13 800 RCF for 15 min at 4
• C. Viral particles were then concentrated by ultracentrifugation at 141 000 RCF for 2.5 h at 4
• C. The pellet was resuspended in PBS and sterilized through a 0.2 M filter. Viral titres and yield were determined as previously described (23) . All viruses were sequence verified via RT-PCR with primers directed against the CrPV IGR IRES.
Plasmids and bicistronic reporter constructs
Each IGR IRES with flanking upstream and downstream sequences was cloned between the EcoRI and the NcoI sites within the intergenic region of pR DEF as described (35 For CrPV IRES-containing bicistronic constructs, the AUG start codon of the FLuc gene in the +1 frame was removed by PCR-based site-directed mutagenesis (Stratagene). For the T2A-containing constructs, the Thosea asigna virus (accession: AF062037) 2A sequence was inserted in frame preceding the FLuc gene into plasmid pEJ566 between EcoRI and NdeI restriction sites as described previously (37) .
Other dicistrovirus sequences used for analysis in Fig The constructs encoding HA-tagged CrPV ORFx were generated as follows. For the C-terminally tagged ORFx-HA, a 3X HA tag was inserted between XbaI and ApaI sites in pAc5.1/V5-HisB (Thermo). CrPV ORFx (nucleotides 6254-6376) was subsequently cloned in-frame using KpnI and XbaI sites. For the N-terminally tagged HA-ORFx a synthesized fragment of DNA (gBlock; IDT) containing a 3X HA tag followed by the CrPV ORFx sequence was cloned into the pAc5.1 vector with KpnI and ApaI. The transmembrane mutant of ORFx was generated via sitedirected mutagenesis on the C-terminally HA-tagged construct. All constructs were verified via sequencing.
In vitro transcription and RNA transfection pCrPV-2 (36) and derivative plasmids were linearized with Ecl136II. RNA was transcribed using a T7 RNA polymerase reaction and subsequently purified with a RNeasy kit (Qiagen). The integrity and purity of the RNA were confirmed on a 1.2% denaturing formaldehyde agarose gel.
Transfection of in vitro synthesized RNA into S2 cells was performed using Lipofectamine 2000 (Invitrogen) as per the manufacturer's instructions. 3 g of RNA derived from either pCrPV-2 or its cognate mutants were used for transfection using 2.5 × 10 6 cells. • C for 2 h and then resolved on a 15% SDS-PAGE. Gels were dried and radioactive bands were monitored via phosphoimager analysis. For quantitation of bands, the number of methionines and cysteines were accounted for and normalized for each protein.
For T2A containing constructs (37), luciferase activity was monitored using a Dual-Luciferase reporter assay system (Promega) and an Infinite M1000 PRO microplate reader (Tecan).
Northern blot analysis
Total RNA was isolated from cells using TRIzol reagent. Equal amounts of RNA were loaded on a denaturing agarose gel and subsequently transferred to Zeta-probe blotting membrane (Bio-Rad). DNA probes were radiolabeled with ␣[P 32 ]-ATP (MP Biomedicals) using a DecaLabel DNA labeling kit (Fermentas). Probes were incubated with membrane in hybridizatn buffer (7% SDS, 0.5 M sodium phosphate, 1 mM EDTA) at 65
• C overnight. Membranes were rinsed with H 2 O and radioactive bands were detected via phosphoimager analysis (Storm; GE Healthcare). The DNA probe to detect CrPV RNA was generated by PCR amplification using primers 5 -TCCTCAAGCCA TGTGTATAGGA-3 and 5 -GTGGCTGAAATACTATC TCTGG-3 .
Western blots
Equal amounts of S2 protein lysates were resolved on a 12% SDS-PAGE gel and then transferred to a polyvinylidene difluoride Immobilon-FL membrane (Millipore). Membranes were blocked for 30 min at room temperature with 5% skim milk in TBST (50 mM Tris, 150 mM NaCl, 1% Tween-20, pH 7.4). Blots were incubated for 1 h at room temperature with the following antibodies: CrPV ORF1 (raised against CrPV RdRp) rabbit polyclonal (1:10 000), CrPV ORF2 (raised against CrPV VP2) rabbit polyclonal (1:10 000) (33), mouse anti-tubulin (1:1000; Santa Cruz), mouse anti-KDEL (1:1000;), or mouse anti-cytochrome C (1:1000; AbCam). Membranes were washed three times with TBST and incubated with either goat anti-rabbit IgG-HRP (1:20,000; GE Healthcare), goat anti-mouse IgG-HRP (1:5000; Santa Cruz), IRDye 800CW goat anti-mouse (1:10 000; Li-Cor Biosciences), or IRDye 800CW goat antirabbit (1:20 000; Li-Cor Biosciences) for 1 h at room temperature. An Odyssey imager (Li-Cor Biosciences) or enhanced chemiluminescence (Thermo) were used for detection.
Immunofluorescence
S2 cells (1.5 × 10 6 ) were transfected for 48 h with 2 g of pAc5.1/V5-HisB plasmid constructs expressing N-or Cterminally HA-tagged ORFx. Cells were seeded onto coverslips and fixed with 3% paraformaldehyde for 15 min. Subsequently, cells were permeabilized with 0.2% Triton X-100 in 1× PBS for 1 h before blocking coverslips with 3% BSA in 1× PBS for 1 h. Coverslips were then incubated with rabbit anti-HA (1:1000; Cell Signaling) and either mouse anti-Lamin (1:1000; DSHB), mouse antiGolgin84 (1:1000, DSHB), or mouse anti-Calnexin 99A (1:1000, DSHB) in blocking solution overnight at 4
• C. Cells were washed three times with 1× PBS and slides were incubated with secondary antibodies goat anti-mouse Alexa Fluor 488 (1:5000; Thermo Fisher) or goat anti-rabbit Texas Red (1:5000; Thermo Fisher) for 1 h at room temperature. Cells were then washed two times with 1× PBS before being stained with Hoechst dye in PBS (1:10 000; Sigma Aldrich) for 10 min and washed once more. Finally, slides were analyzed using a Leica SP5 confocal microscope with a 63× oil objective lens and a 2× digital zoom. Z-stacks of 15 slices each were taken of for each condition.
Subcellular fractionation by differential centrifugation
3 × 10 7 S2 cells were transfected with either Drosophila expression vectors (pAc5.1) containing ORFx-HA or HAORFx (pORFx-HA or pHA-ORFx) for 48 h at 25
• C (XtremeGene; Roche). Cells were then collected by centrifugation at 200 × g for 5 min and washed twice with ice cold PBS. Cell pellets were then resuspended in SF Buffer (20 mM HEPES [pH 7.4], 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA) and incubated on ice for 10 min. Cells were subsequently disrupted by passaging through a 25 gauge needle 20 times. Whole cells were removed by centrifugation at 200 × g for 5 min and nuclei were then collected by centrifugation at 600 × g for 10 min. The mitochondria and endoplasmic reticulum (ER) were pelleted by centrifugation at 3000 × g for 15 min. Finally, remaining membrane was pelleted at 16 000 × g for 30 min. The remaining supernatant was collected as the cytosolic fraction.
LC-MS/MS analysis
Cell pellets harvested from CrPV-infected cells at 6 hpi were solubilized in 1% sodium deoxy cholate and 50 mM NH 4 HCO 3 . Protein concentrations were determined via BCA assay (Thermo). Proteins (100 g) were reduced (2 g DTT, 37
• C, 30 min) and alkylated (5 g iodoacetamide, RT, 20 min). Samples were digested with trypsin overnight at room temperature. Peptides were acidified with 1% TFA to pH <2.5 and the precipitated deoxycholate was remove via centrifugation. Peptides were desalted and concentrated on C18 STAGE-tips, eluted in 80% acetonitrile, 0.5% acetic acid, and dried in a vacuum concentrator (Eppendorf) (Rappsilber, Ishihama, & Mann, 2003). Samples were resuspended in 20% acetonitrile and 0.1% formic acid before loading on an Agilent 6550 mass spectrometer.
Data were searched using MaxQuant (v1.5.3.30) (38) . Parameters included: carbamidomethylated cysteine (fixed), methionine oxidation (variable), glutamine and asparagine deamidation (variable), and protein N-terminal acetylation (variable); trypsin specific; maximum two missed cleavages; 10 ppm precursor mass tolerance; 0.05 Da fragment mass tolerance; 1% FDR; +1 to +7 charge states; and common contaminants were included. Both the Drosophila and CrPV protein databases used were the most recent annotations downloaded from UniProt (www.uniprot.org). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [1] partner repository with the dataset identifier PXD011388.
Fly stocks and viral injections
Flies (Isogenic w 1118 ; Bloomington Drosophila Stock Center) were maintained on standard cornmeal food at 25
• C and 70% humidity with a 12 h light-dark cycle. Freshly enclosed virgin males and females were separated and collected in groups of 10 each. Flies (10 males and 10 females) were injected with 200 nl of PBS, CrPV-2, CrPV-S12, or CrPV-S19 (5000 FFU) using a PV830 PicoPump (World Precision Instruments) and transferred to standard food. Mortality was monitored daily.
RESULTS
IGR IRES-dependent +1-frame translation is not conserved throughout Dicistroviridae
We previously showed that a subset of dicistrovirus IGR IRESs can direct translation in the 0-and +1-frames and that a base pair adjacent to the PKI domain is important for initiation in the +1-frame (7, 32) . The IGR IRESs are classified into two types: Type I, and II, with the main difference being an extra SLIII within the PKI domain of Type II IRES. Since the honeybee and fire ant viruses harbour Type II IGR IRESs that can support +1-frame ORFx translation, we investigated whether Type I IRESs also had the capacity for +1-frame translation. We first surveyed in silico the other dicistrovirus IGR IRESs and their downstream sequences for a potential base pair adjacent to the PKI domain and an overlapping +1 open reading frame (Supplementary Figure S1 ). The IAPV and ABPV IGR IRESs contain an adjacent U-G base pair whereas the SINV-1 and KBV IRESs have a C-G base pair ( Supplementary Figure S1 ). All but one of the IGR IRESs contains a potential base pair adjacent to the PKI domain, with the majority of them possessing a potential U-G base pair. As shown previously, the honeybee and fire ant dicistrovirus ORFx proteins are ∼94-125 amino acids in length (31) . The predicted +1 ORFx lengths of other dicistroviruses range from 1-53 amino acids in length. Apart from the honeybee and fire ant dicistrovirus ORFx, the longest putative ORFx sequences are found within the genomes of the CrPV and DCV at 53 amino acids in length.
To determine whether the other IGR IRESs can direct +1-frame translation, we cloned each IGR IRES within the intergenic region of a dual luciferase bicistronic construct ( Figure 1A ). The Renilla luciferase (36 kDa; RLuc) monitors scanning-dependent translation whereas firefly luciferase (FLuc) is translated by the IRES. To measure reading frame selection, the firefly luciferase gene is fused in-frame either in the 0 or +1-frame and translated proteins were monitored by incorporation of [ 35 S]-methionine/cysteine. Additionally, we generated bicistronic reporter constructs that contain a T2A 'stop-go' sequence, which allows quantitation of luciferase activity (37) (Supplementary Figure S2 ). Since we previously showed robust IAPV IRES 0 and +1-frame translation (7), we chose it as a benchmark to compare the +1-frame activity of the other IGR IRESs. In general, all IGR IRESs can direct 0-frame translation to varying extents in vitro. Normalizing to the IAPV 0-frame translational activity, the CrPV IGR IRES showed the highest 0-frame translational activity (∼170%) whereas the Mud crab dicistrovirus (MCDV) IGR IRES had the lowest activity (∼4%; Figure 1A ). By contrast, only a few IGR IRESs can support +1-frame translation. The Type II IGR IRESs from Taura syndrome virus (TSV) and MCDV did not support +1 frame translation suggesting that only a subset of Type II IGR IRESs can direct 0-and +1-frame translation. Interestingly, besides the IAPV IGR IRES, the BQCV and CrPV IRESs mediated +1-frame translation above background levels, 80% and 5% of 0-frame translation, respectively. In summary, only a subset of IGR IRESs can facilitate both 0 and +1-frame translation.
CrPV +1-frame translation is IGR IRES-dependent and initiates downstream
To explore +1-frame translation mechanisms further, we focused on the CrPV IRES ( Figure 1B ). We first determined whether the structural integrity of the CrPV PKI domain is important for +1-frame translation. For these assays, we used a bicistronic reporter construct that contains the CrPV IRES where a firefly luciferase gene was subcloned into the +1-frame downstream of the IRES with CrPV nucleotides 6217-6387 (Accession KP974707.1), which includes the predicted +1-frame CrPV ORFx (65 kDa; ORFx-FLuc). This dual luciferase reporter construct allows simultaneous monitoring of scanning-dependent RLuc translation and CrPV IRES-mediated 0/+1-frame translation as a shortened 0-frame protein (∼11 kDa) is also translated in addition to the +1-frame (Figure 2A ). Synthesis of all three proteins is detected by incubating the bicistronic construct in a Sf21 translation extract in the presence of [ 35 S]-Met/Cys ( Figure 2B , lane 1) (7). As shown in Figure 1A , CrPV IRES +1-frame ORFx translation is approximately 5% of 0-frame translation. Mutating CC 6214-6215 to GG, which disrupts PKI base pairing and abolishes CrPV IRES activity, resulted in negligible or diminished 0-and +1-frame translation whereas a compensatory mutation that restores PKI base pairing rescued translation (11) ( Figure 2B , lanes 2 and 3, Supplementary Figure S2) , indicating that the integrity of the IRES and the PKI domain is required for CrPV IRES +1-frame translation.
The adjacent U-G base pairing of the IAPV IRES is important for +1-frame translation (7) . CrPV also has the capacity to form a wobble base pair adjacent to the PKI domain through nucleotides U 6186 and G 6217 , potentially directing translation from the first +1-frame CUA leucine codon ( Figure 1B ). To determine if this base pair is necessary to drive CrPV IRES +1-frame translation, we mutated U 6186 and G 6217 to other bases. Mutating U 6186 to C or G led to an approximate 18%-23% reduction in +1 frame activity and mutating G 6217 to C, A, or U resulted in roughly a 39%, 24% and 36% reduction in +1-frame activity, respectively. Although each mutation reduced +1-frame translational activity to some degree, none of the mutations abolished it ( Figure 2B, lanes 4-9) . These results suggest that unlike with IAPV, base pairing between nucleotides 6186 and 6217 is not absolutely required for CrPV IRES +1-frame translation.
To determine the potential initiation site of CrPV ORFx, we systematically replaced codons downstream of the IRES with a stop codon and monitored 0-and +1-frame translation in vitro using the bicistronic reporter construct (Figure 2B, C) . Overall, stop codons placed in the +1-frame did not significantly affect 0-frame translation, indicating that IRES activity was not compromised (Figure 2B, C) . Replacing individual codons between the 1st and the 12th +1-frame codon with a stop codon inhibited to varying extents (between 36% and 71% reduction compared to wild-type) but did not completely abolish +1 frame translation (Figure 2B, lanes 11-16; C) . Conversely, +1-frame translation was completely inhibited when the 13th +1-frame codon and codons thereafter were replaced with a stop codon (Figure 2B, lanes 15-16; C) . Replacing both the third and fifth +1-frame codons with stop codons reduced +1-frame translation by 33% but did not eliminate it, suggesting ribosome read-through did not occur. To address the possibility that IRES translation initiates in the 0-frame and then a fraction of translating ribosomes shift into the +1-frame, we inserted a stop codon in the 0-frame downstream of the IRES. As expected, a stop codon in the 0-frame 1st to 4th codons downstream of the IRES abolished 0-frame translation ( Figure 2B, lanes 18-21) . However, the 0-frame stop codon insertions reduced by 52-77% but did not eliminate +1 frame translation indicating that ribosomes likely do not shift from the 0 to +1 reading frame. Furthermore, introducing stop codons in both the 0 and +1 frames did not abolish +1-frame translation, though inhibited +1-frame translation by ∼80% ( Figure 2C , 0 S4/+1 S5). We noted that the adjacent 14th codon is an AUG methionine. Mutating the AUG to a CGG (M14R), GUG (M14V), GAG (M14E), or deletion of the AUG ( M14) decreased (36%, 60%, 58% and 68%, respectively) but did not abolish +1-frame translation, whereas altering the AUG to AUU or AUA (M14I) did not reduce +1 frame translation ( Figure  2C, D) , thus ruling out that +1 frame translation occurs at this AUG codon. Combining GAG (M14E) or M14 with a stop codon in the +1 frame immediately downstream of PKI (+1S1) still resulted in significant +1 frame translation ( Figure 2D ). As well, mutating the 13th AAA codon to UUU, AAG or GCU did not abolish +1-frame translation ( Figure 2C ), suggesting that there is flexibility in the codon identity for CrPV ORFx +1-frame translation. In summary, the mutational analysis indicated that CrPV ORFx translation requires an intact IRES and a +1-frame 13th sense codon 37 nucleotides downstream from the IRES.
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CrPV +1-frame translation requires 80S assembly and is edeine-insensitive
The current data led us to generate two hypotheses: (i) a subset of 40S subunits recruited to the CrPV IRES scan downstream to start translation at the 13th codon (scanning hypothesis) or (ii) 40S or 80S ribosomes recruited to the IGR IRES bypass the spacer region to the 13th codon (bypass hypothesis). To address the scanning hypothesis, we took two approaches. First, we utilized mutants of the CrPV IRES in the L1.1 loop that is known to be deficient in recruitment of the 60S subunit (16, 26) . If scanning is occurring, 40S subunits recruited to the L1.1 IRES may scan downstream to the downstream +1-frame initiation codon. Reporter constructs harbouring mutations in the L1.1 loop were deficient in 0 and +1-frame translation (Figure 3A) , suggesting that 60S recruitment by the IGR IRES specifically is necessary for translation in the +1-frame. Secondly, we utilized the translational inhibitor edeine to assess if scanning was occurring ( Figure 3B ). Edeine prevents the 40S ribosomal subunit from recognizing an AUG start codon (39, 40) . Both 0-and +1-frame translation were resistant to edeine relative to that of scanning-dependent translation ( Figure 3B ), thus suggesting that 40S scanning is not involved in +1 frame translation.
The integrity of the variable-loop region and pseudotranslocation of the IGR IRES through the ribosome is required for ORFx expression
If 80S ribosomes recruited to the IRES are indeed repositioning or 'bypassing' to the downstream 13th +1-frame codon, we next looked to investigate the rules which govern this potential mechanism. Since the IGR IRES, which occupies the ribosomal A site upon ribosome binding, undergoes pseudotranslocation to the ribosomal P site to vacate the A site for delivery of the first aminoacyl-tRNA (18), we reasoned that the ribosome bound to the CrPV IGR IRES must have an empty ribosomal P or A site in order to reposition downstream and accommodate the +1 frame start codon. To address this, we introduced mutations in the variable loop region (VLR), which has been shown to disrupt the IGR IRES-mediated pseudotranslocation event ( Figure  1B) (41) . Specifically, shortening the length of the VLR by two or three nucleotides ( 2 and 3, respectively) inhibits the first pseudo-translocation event from the A site to the P site whereas altering the identity of nucleotides A 6204 , and AA 6208-6209 to guanosines (G-rich) inhibited IRES translocation from the P site to the E site (41) . Interestingly, all three VLR mutants decreased +1-frame activity (Figure 4 ; middle panel); both the G-rich and 3 mutants demonstrated little to no activity, while the 2 mutant still exhibited ∼50% activity to that of WT. As reported previously (41), the G-rich and 3 also disrupted translation in the 0-frame (Figure 4 ; bottom panel). This result is consistent with previous data that the 2 mutant IRESs are still able to accommodate a fraction of aminoacyl-tRNA in the A site (∼25%), allowing translation to occur (41) . Altogether, these results indicate that the pseudotranslocation event of the IGR IRES through the ribosome contributes to +1-frame translation downstream. Pseudotranslocation is necessary for +1-frame translation. Constructs containing mutations in the variable loop region (VLR) of the IGR IRES known to disrupt pseudotranslocation were monitored for translation activity in the +1-or 0-frame (middle and bottom panels, respectively). Luciferase activities were compared between WT IGR IRES and VLR mutants after in vitro translation assays. 'x' denotes deleted nucleotides within VLR. Shown are averages from at least three independent biological experiments (±SD).
The spacer region downstream of the IGR IRES is necessary for +1 frame translation
We next investigated whether the spacer region located between PKI of the IGR IRES and the downstream AAA codon contributes to IRES-mediated ribosome bypass. Our results showed that inserting stop codons in the 'spacer region' (Figure 2A ) between the IRES PKI domain and the +1-frame 13th codon of ORFx inhibited but did not completely abolish +1-frame translation, suggesting that an element within this spacer region may promote +1-frame translation. We first addressed whether the CrPV spacer region is sufficient to direct +1-frame translation by generating a chimeric construct whereby the PSIV IRES is fused with the CrPV spacer region ( Figure 5 ). The PSIV IRES directs strong 0-frame but no or relatively weak +1-frame translation ( Figure 1A) . The PSIV-CrPV spacer chimeric reporter resulted in 0-frame translation ( Figure 5A ), indicating that the spacer region does not affect the activity of the PSIV IRES. In contrast to the PSIV IRES construct, the chimeric PSIV-CrPV reporter resulted in +1-frame translation, implying that the CrPV spacer region is sufficient to drive +1-frame translation in the presence of a functional IGR IRES ( Figure 5A ).
To delineate whether there is a specific element within the spacer region that is required for CrPV +1 frame translation, we systematically deleted from the 3 end of the spacer region ( Figure 5B ). Interestingly, deleting 3-27 nucleotides did not affect +1 frame translation. However, deleting 30 nucleotides and leaving seven nucleotides adjacent to the IRES abolished +1 translation ( Figure 5B ). 3, 6 and 27 mutants appear to have much higher Fluc/Rluc activity when compared to WT, an observation that requires further examination. In summary, these results suggest that the specific sequences and its context within the spacer region, particularly the sequences immediately downstream of the PKI domain, are important for mediating IRES-dependent +1 frame translation.
+2-frame translation mediated by the CrPV IRES
We hypothesized that if the ribosome is indeed bypassing to a specific 'landing site' then it should be independent of frame, whereas if the ribosome merely begins translation in the 0-frame before slipping into the +1-frame, then we expect to see no ORFx translation. To address this, we inserted a series of nucleotides into our bicistronic construct that shifts only the ORFx-Fluc into the +2-frame (Supplementary Figure S3 ). Specifically, we inserted either a single nucleotide or up to seven proceeding the 13th AAA codon. As a control, we inserted either six or nine nucleotides in the same position that does not introduce an additional frameshift. Insertion of a U creates a stop codon in the +1-frame while an inserted C does not. To our surprise, we observed ORFx expression with all insertions (Supplementary Figure S3 ). These results suggest translation of ORFx is reading frame-independent and indicates that the ribosome may be repositioned 37 nucleotides from the IRES to the downstream 13th codon.
CrPV +1-frame ORFx is expressed yet not required for infection in Drosophila S2 cells
Our in silico and biochemical data indicate that ribosomes recruited to the CrPV IRES may bypass downstream 37 nucleotides to translate +1-frame ORFx. The CrPV ORFx is predicted to be 41 amino acids in length if ORFx is translated from the +1-frame 13th codon ( Figure 6 ). To determine whether CrPV ORFx is synthesized during infection, Drosophila S2 cells infected with CrPV (MOI 10) were harvested at 6 hours post infection and lysed. Proteins were subsequently digested with trypsin and peptides were analyzed by LC-MS/MS. We identified two peptides that correspond to CrPV ORFx both of which were located downstream of the +1-frame 13th codon (Figure 6 ). Importantly, these peptides were not identified in mock-infected S2 cells. Thus, ORFx is expressed in CrPV-infected S2 cells.
Given this, we sought to determine the influence of CrPV ORFx expression on the outcome of viral infection. Using a recently developed CrPV infectious clone, termed CrPV-2, we introduced mutations that would abolish ORFx expression (36) . To this end, we created two separate mutant clones: the +1-frame 12th codon (UUG 6251-3 ) was altered to an amber stop codon (UAG; CrPV-S12) and the +1-frame 19th codon (UUA 6272-4 ) changed to an ochre stop codon (UAA; CrPV-S19) ( Figure 7A ). Both mutations are synonymous in the 0-frame. Based on our translation data ( Figure  2) , the +1-frame S19 but not the S12 would inhibit ORFx expression.
First, we examined whether ORFx influences viral protein synthesis in vitro. Incubation of in vitro transcribed CrPV-2 RNA in Sf21 translation extracts led to synthesis and processing of all viral proteins as reported previously (Supplementary Figure S4A) (36) . While stop codons in the 0-frame of ORF1 or ORF2 inhibited synthesis of viral proteins, both CrPV-S12 and CrPV-S19 RNAs resulted in viral protein synthesis that was indistinguishable compared to wild-type CrPV -2 in vitro, demonstrating that CrPV ORFx is not necessary for viral protein synthesis in vitro (Supplementary Figure S4B ) (36) .
We next assessed the viability of the CrPV-S12 and -S19 viruses in cell culture. Harvested wild-type, mutant S12 or S19 CrPV-2 virus were used to infect naïve S2 cells at a MOI 10 and 1 to follow the first round of infection and subsequent rounds of infection, respectively. Infection with wild-type CrPV-2, CrPV-S12 or CrPV-S19 all resulted in accumulation of viral proteins and RNA and shutdown of host translation in a similar manner ( Supplementary Figure S4B) . Similarly, neither infection produced significantly different titres between wild type CrPV-2 and either CrPV-S12 or CrPV-S19 at any time point, apart from both mutant viruses resulting in higher titres than CrPV-2 after 24 hours post infection (Supplementary Figure S4C) . A similar result was observed with infections at a MOI 0.1. Taken together, ORFx has no observable effect on the life cycle of CrPV in S2 cells.
ORFx contributes to CrPV infection in adult flies and associates with membranes
We addressed whether ORFx contributes to CrPV infection in adult fruit flies. To test this, we injected adult flies intrathoracically with PBS, CrPV-2, CrPV-S12, or CrPV-S19 and monitored fly mortality daily. Flies injected with CrPV-2 or CrPV-S12 exhibited 50% mortality by day 5 and 100% mortality by day 11 and 12 ( Figure 7B ). By contrast, flies injected with CrPV-S19 did not reach 50% mortality until day 9 and reached 100% mortality at day 14 ( Figure 7B ). These results demonstrate that ORFx contributes to CrPV pathogenesis in adult flies.
To determine if the effect seen on CrPV pathogenesis is a result of defects in viral replication, we measured viral titres and assessed viral protein levels in injected adult flies at 5 days post infection. Interestingly, viral titres and viral protein levels showed no significant differences between wild type CrPV-2, CrPV-S12 and CrPV-S19 (Sup- c a u u u c a a g a u a a a c a a g a a a a u u c a c a c a u u g a a a a u plementary Figure S5 ). Finally, using RT-PCR followed by sequencing, the S12 and S19 mutations are stable during virus propagation in S2 cells (data not shown). In summary, our results indicate that the defect in viral pathogenesis observed in the CrPV-S19 mutant virus is not due to a defect in viral replication. From our data, CrPV ORFx is predicted to be a 41 amino acid protein whose translation commences 37 nucleotides downstream from the IRES. Comparing the sequence of ORFx from CrPV and other species shows no appreciable homology to other proteins and is distinct of the ORFx from IAPV (Supplementary Figure S6A) . Nevertheless, in silico topology predictions suggest that the CrPV ORFx can adopt an alpha helical transmembrane segment at its C-terminus (amino acids 22-39; Supplementary Figure S6B ). To examine ORFx function, we generated constructs containing either N-or C-terminal HAtagged ORFx. Transfection for 10 or 24 hours with the HA-tagged ORFx constructs did not result in a dramatic decrease in S2 cell viability as measured by a trypan blue exclusion assay (Supplementary Figure S6C) . However, by 48 h, transfection of ORFx-HA and HA-ORFx led to a relatively minor reduction (13% and 15% decrease, respectively) in cell viability, suggesting that ORFx expression is slightly toxic in S2 cells. Immunoblotting for HA showed that HA-ORFx is expressed in S2 cells (Supplementary Figure S6D) . To determine the subcellular localization in S2 cells, we transfected the HA-tagged ORFx constructs and monitored ORFx localization (pORFx-HA) by HAantibody immunofluorescence staining in comparison with cytoplasmic, ER, Golgi, and nuclear marker protein antibodies. We also mutated two pairs of amino acids, LV and LI, to KK and KR respectively, to disrupt the transmembrane domain (pORFx-TMmut-HA). Co-staining showed that the wild-type HA-tagged ORFx overlaps mainly with ER protein marker Calnexin, and partially overlaps with Golgi-associated protein, Golgin84 (Figure 8 , Supplementary Figure S7 , pORFx-HA). The wild-type HA-ORFx displayed little to no overlap with ␣-Tubulin staining. By contrast, the mutant transmembrane HA-tagged ORFx staining showed no overlap with Calnexin or Golgin84 ( Figure  8, Supplementary Figure S7 , pORFx-TmMut-HA). Collectively, these results suggest that ORFx associates with membranous organelles and potentially the ER specifically. To examine this further, we used differential centrifugation to separate subcellular components followed by immunoblotting of HA. As expected, tubulin is found in the cytoplasmic fraction and the ER-associated KDEL protein and cytochrome C are enriched in nuclei and ER fractions (Supplementary Figure S6D ). Both HA-tagged ORFx are detected within membranous fractions but not within the cytoplasmic fractions (Supplementary Figure S6D) , further supporting that ORFx resides within the membrane of cells that may be important for its function.
DISCUSSION
Recoding mechanisms have illuminated diverse RNA structural elements that interact with the ribosome to affect reading frame maintenance (2) . In this study, we have demonstrated a novel translation recoding mechanism by which an IRES promotes ribosome repositioning to a downstream codon. In contrast to the IAPV IGR IRES, which directs Nucleic Acids Research, 2018, Vol. 46, No. 22 Mutants S12 and S19 place a stop codon on the +1-frame with a synonymous mutation in the 0-frame. Note that CrPV-2 (Accession: KP974706) sequence has a C 6279 A mutation (denoted with a black arrowhead) compared to the original CrPV (accession: AF218039) sequence. Residues that are italicized, underlined and in bold are the peptides identified by mass spectrometry in Figure 6 . (B) Adult flies (Iso w 1118 ; 10 male, 10 female) were injected intrathoracically with 5000 FFU of CrPV-2, CrPV-S12, CrPV-S19 or PBS. Subsequently, flies were flipped onto standard media and survival was monitored daily. Shown is a graph representing the average from three separate biological experiments (±SEM).
ribosome reading frame selection (7), the CrPV IGR IRES can facilitate the expression of a downstream +1 overlapping frame, which we termed ORFx. We provide extensive mutational analysis that translation of CrPV ORFx likely occurs 37 nucleotides downstream at the 13th AAA (Lys) codon. Moreover, we show that ORFx is expressed in CrPVinfected cells by mass spectrometry and that ORFx is required for promoting CrPV pathogenesis in a Drosophila injection model. Our data suggest a model whereby after 80S assembly on the CrPV IGR IRES, the majority of the ribosomes translate in the 0-frame by delivery of the incoming Ala-tRNA Ala to the 0-frame GCU codon whereas a fraction of ribosomes bypasses or 'slides' 37 nucleotides downstream to direct translation at the +1-frame AAA (Lys) codon (Supplementary Figure S8) . From our results, the following rules appear to apply to +1-frame translation in CrPV: (i) the PKI must be intact, (ii) both 40S and 60S ribosomal subunits are required to bind to the IRES, (iii) pseudotranslocation of the IRES through the ribosome is necessary, (iv) the spacer region between PKI and the 13th AAA codon is essential and (v) the nucleotide identity of the spacer region is crucial for efficient +1 frame translation.
A unique feature of this repositioning mechanism is that an intact IRES is essential for +1-frame translation ( Figure  2 ). The current model is that the PKI domain of the IRES occupies the ribosomal A site upon ribosome binding to the IRES, followed by a pseudotranslocation event in order to vacate the A site to allow delivery of the first aminoacyltRNA in the 0-frame (18) . Given this model, it is difficult to envision how the IRES can direct the ribosome to bypass 37 nucleotides to initiate translation at a +1-frame AAA Lys codon. A potential clue comes from our mutagenesis analysis that suggests that translocation of the CrPV IRES through the ribosome is a prerequisite for downstream +1- frame translation (Figure 4 ). This is intuitive as the PKI domain must vacate the A site in order to allow translation in both the 0 and +1 frames. At this point, it is unclear whether the CrPV IGR IRES ribosome repositioning event requires delivery of an aminoacyl-tRNA to the A site of the ribosome prior to the ribosome sliding downstream to initiate translation at the 13th +1 frame codon or whether a vacant ribosome bypasses from the IRES to the initiating +1 frame codon. Determination of the aminoacyl-tRNA(s) that are delivered during the initial CrPV IGR IRES pseudotranslocation event should provide insights whether the ribosomal A site is vacant prior to ribosome sliding downstream to the 13th +1 frame codon.
A recent in vitro study using single molecule fluorescence spectroscopy demonstrated that the CrPV IGR IRES can facilitate +1-frame translation approximately 5% of the time compared to 0-frame translation whereby reading frame selection is dictated by the kinetics of tRNA binding in the first 0-or +1-frame codon (13) . Using a more physiologically-related system, our results suggest that the CrPV IRES directs +1-frame translation using a different mechanism. Based on our systematic stop codon mutational analyses, the most likely scenario is that ribosomes recruited to the IRES must bypass downstream to translate in the +1-frame (Figure 2 ). In support of this, insertion of a stop codon at the 12th +1-frame codon, but not the 19th, attenuates CrPV-mediated death in a Drosophila injection model, thus providing biological significance of CrPV +1-frame translation (Figure 7) . We also note that the downstream authentic 'spacer' sequence is necessary for +1-frame translation ( Figure 5 ), which is partially absent and/or altered from previous studies, which may preclude detection of bypass (13) .
The downstream spacer region appears to be a key feature that is necessary for efficient CrPV IRES-mediated +1-frame synthesis ( Figure 5) . Interestingly, the majority of mutations within the spacer region causes a reduction ranging from 10% to 80% in the amount of CrPV IRESmediated +1-frame synthesis (Figure 2 ), suggesting that nucleotide or codon identity is crucial for triggering the bypass event. There are no obvious RNA secondary structures within the spacer region, and our truncation analy-sis suggests that the majority of the spacer region is dispensable for +1-frame translation ( Figure 5B) ; however, we cannot rule out any long distance RNA:RNA interactions that may contribute to +1-frame translation. Furthermore, sequences immediately downstream of the IRES PKI domain are important for +1 frame translation, possibly suggesting that ribosome may translocate prior to the bypass event ( Figure 5B ). Indeed, mutant L.1.1 IRESs that cannot mediate translocation do not support +1 frame translation (Figure 4) . Investigation into how the spacer sequence influences ribosomes bound to the IRES to start translation in the 0-frame or at the downstream +1-frame initiating codon should shed light onto this atyptical translation mechanism.
How does the ribosome reposition to the downstream +1-frame initiation codon after IRES binding? It is possible that the repositioning of the ribosomes occurs via mechanism similar to that observed with prokaryotic 70S 'scanning' (42) or 70S 'sliding' that occurs in coupled translational reinitiation (43, 44) (Supplementary Figure S8) . Indeed, a related dicistrovirus PSIV IRES can direct translation using a scanning-like mechanism in prokaryotes, which may suggest a similar property observed with our studies on the CrPV IRES (45) . Moreover, it has been reported and proposed that energy-independent scanning or diffusion of the ribosome or ribosomal subunits (i.e. phaseless wandering) can occur to locate an AUG codon (44,46-48) (Supplementary Figure S8) . Nevertheless, our study shows that CrPV IRES +1-frame translation requires 80S ribosome binding to the IRES ( Figure 3A ) and is edeine-insensitive ( Figure 3B ), thus we favour a model that 80S ribosomes reposition to the 13th +1-frame codon. This warrants comparison with the translational bypassing observed in gene 60 of T4 bacteriophage (49) . In gene 60, translating ribosomes stall in a non-canonical rotated state at a 'take-off' Gly codon with a peptidyl-tRNA Gly , which dissociates from the anticodon, and 'lands' at a matching Gly codon 50 nucleotides downstream and allowing translation to resume. This bypass mechanism is involves a post-translocation step requiring a stem-loop structure containing the take-off site, a nascent translated peptide and after initiation of bypassing, a hairpin structure 5 of the take-off site forms which is thought to propel the ribosome downstream to resume translation (50, 51) . Although CrPV does not have an obvious RNA structure within the spacer region, it is possible that the highly complex structure of the IGR IRES itself may contribute to downstream +1 frame translation, especially given its dynamic nature during movement through the ribosome (Supplementary Figure S8) (21, 52) . Moreover, it is known that the ribosome bound to the IGR IRES is in a rotated state and that the first pseudotranslocation step is rate limiting, which may contribute to CrPV IRES reading frame selection (18, 22) . Finally, it is possible that CrPV IRES bypass could be occurring through an RNA looping event (53) ; the downstream RNA is brought into close proximity with the 80S ribosome allowing it to transition to 13 th AAA codon potentially by an unknown protein factor or a long-range RNA:RNA interaction. Taken together, it is likely that it is a combination of tRNA kinetics and conformational changes of the IRES and the downstream spacer region that lead to bypassing, of which the contributions of each element require further investigation.
The biological relevance of CrPV +1-frame translation was initially evidenced by the detection of ORFx peptides in CrPV-infected S2 cells ( Figure 6 ). To our surprise, disruption of ORFx synthesis by stop codon insertion in the +1-frame did not perturb viral infection in tissue culture cells but showed retarded mortality in adult flies even though viral load remained similar between wild type and mutant viruses (Figure 7) . CrPV infection is thought to cause death through paralysis, subsequently leading to dehydration or starvation of the host (54, 55) . CrPV can infect several tissues in the fly including the trachea, midgut, and central nervous system although the latter has not been demonstrated directly (53, (55) (56) . How ORFx may contribute to CrPV pathogenesis is an outstanding question. Our results indicate that ORFx is membrane associated (Figure 8 , Supplementary Figure S7 ) and does not contribute directly to viral replication but rather to the pathogenesis of CrPV infection in fruit flies (Figure 7, Supplementary Figure S4) . Furthermore, expression of ORFx is slightly cytotoxic in Drosophila cells, a property that may also contribute to pathogenesis of CrPV infection. Future studies into the localization of ORFx, potential interacting partners, and tissue tropism of wild-type versus mutant virus infection in the fly should provide insights into the role of ORFx.
Viruses continue to surprise us with their ability to manipulate the ribosome in remarkable ways. Here, in addition to the previous findings on the honey bee dicistrovirus IRES (7), we have revealed another recoding mechanism utilizing an IRES, thus highlighting the strong selection to increase the coding capacity of the dicistrovirus genome. Furthermore, an IRES that can direct ribosome repositioning to facilitate the translation of a hidden +1 overlapping ORFx adds to the growing list of diverse pathways of ribosome translational recoding. It will be of considerable interest to investigate whether other IRESs direct reading frame selection by a similar CrPV IGR IRES-mediated ribosome repositioning mechanism. Ribosome repositioning or bypass is not specific to bacteria or mitochondria (57, 58) but may be a more general phenomenon in eukaryotes that initially thought.
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